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VISUALIZATION OF NUCLEATE FLOW BOILING
FOR AN R22/R114 MIXTURE AND ITS COMPONENTS

M. A. Kedzerski and D. A. Didion
National Institute of Standards and Technology, Thermal Machinery Group,
Gaithersburg, Maryland 29899

Visualization of bubble nucleation during forced-convective flow inside a horizontal,
electrically heated quartz tube was done in order to establish a comparison of this
phenomenon between refrigerant mixtures and their pure components. The specific
phenomena investigated were the suppression of nucleation due to increased mass Sflow
quality while holding all other conditions fixed, and the comparisor of the nucleate
activity of the binary mixture to the nucleate activity of the pure components. The fluids
investigated were a 37.7 mol% R22/62.3 mol% R114 binary mixture and the individual
components R22 and R114. These fluids were pumped through an abraded, electrically
heated quartz tube. A 16-mm high-speed camera was used, at 7000 frames/s, to film the
boiling process. Detailed measurements of bubble Sfrequency and bubble size were possi-
ble at low pressures, allowing direct calculation of the latent heat load required to
nucleate a single bubble. Further work is required to develop a method that ensures
statistically sound bubble frequency measurements. However, the standard deviations of
the bubble diameter measurements were acceptable. The films were used to visually
demonstrate the suppression of nucleation with increase in quality for R114, R22, and
an R22/R114 mixture. The films suggest that, for a given quality, R114 exhibits much
more nucleation than either R22 or the mixture, while the amount of nucleation dem-
onstrated by R22 and the mixture was comparable even though the mixture was mostly
R114 by mole. Arguments using the latent heat of vaporization, the vapor density, and
the liquid thermal conductivity have been made to explain the visual trends.

INTRODUCTION

Investigators have found that phase change by means of bubble nucleation is more
efficient for a single liquid component than it is for a mixture of two or more liquids [1-
3]. Heat transfer coefficients for pool boiling of multicomponent mixtures, where the
growth of bubbles at a solid-liquid interface is the main heat transfer mechanism, are in
general lower than those of the individual components [3]. Depending on the quality,
both bubble nucleation and interface evaporation can be important in the boiling of a
flowing fluid within a horizontal tube. Jung [4] has found that heat transfer coefficients
for flow boiling of refrigerant mixtures inside horizontal tubes are characteristically
lower than those that would be obtained from an ideal mixing rule between the pure
components (and sometimes even lower than either component). His study revealed that
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of the refrigerant as compared to that of water, but this cannot be known for certain
without further investigation.

There is not sufficient understanding of nucleate boiling of multicomponent mix-
tures to develop a model to predict such a phenomenon. The criterion most commonly
used to determine if suppression has occurred is to examine the heat transfer data for
lack of heat flux dependence. Although this seems to be based on sound rationale, there
still exists a large degree of uncertainty since this criteria is derived from pressure,
temperature, and mass flow measurements, not from visual observation. The nucleate
boiling contribution to total heat transfer is obtained by subtracting what is thought to be
the convective portion from the total. Thus, both the nucleate boiling and the convective
boiling portions are obtained by indirect measurement.

This article presents a case study of nucleate flow boiling. The results presented
here are by no means useful in the design of evaporators. That is, neither heat transfer
coefficients nor wall superheats are presented. Instead, visual results that characterize
the mechanisms of nucleate flow boiling are presented. It is intended that the charac-
terization of the boiling will stimulate thought on the measurement and the cause of the
fundamental mechanisms that govern the heat transfer. The first objective of this study
is to become familiar with the difficulties associated with obtaining detailed bubble
measurements and what is required to overcome these problems. Three sections of this
article deal with situations encountered and remedies revealed in the experimental
logic, and measurements methods. The second objective of this study is to visually
demonstrate the suppression of nucleate boiling with increasing quality for flow boil-
ing within a horizontal tube. The visual demonstration of suppression is useful because
it verifies that suppression does occur and because the relationship between suppres-
sion and quality can be experimentally quantified. Future studies may establish a
comparison between suppression for refrigerants and other fluids, e.g., water. The
third objective is to compare the relative activity of nucleate flow boiling for an R22/
R114 mixture of arbitrary composition to that for the single components R22 and R114
for the same heat flux and flow conditions. The resulting data have been used to
demonstrate the relative differences between bubble generation in binary mixtures and
that in single-component refrigerants. Also, the data can be used to determine if the
bubble activity of the flowing mixtures is degraded in a similar magnitude as for
mixtures in pool boiling experiments.

TEST APPARATUS

Figure 1 shows a schematic of the visualization test section. The 9-mm-ID quartz
tube was enclosed in a housing as shown. The space between the inside of the housing
and the outside of the tube was filled with glycerol to limit reflections from the tube,
which would have otherwise caused poor photographic images. A 16-mm high-speed
camera was used to make motion-picture films of the flow boiling process within the
horizontal quartz tube. The camera was positioned in front of the sight glass so that the
plane of the view was parallel to the direction of flow. Figure 1 also shows that a 500-
W concentrated light source was placed in front of another sight glass opposite the
camera to produce a back-lighting configuration. An opaque cover was placed between
the light and the sight glass to give uniform illumination of the quartz tube. The inside
of the quartz tube was polished with a 5-um abrasive to create a surface similar to the
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inside of stainless steel tubing. Similarity of the quartz roughness to the steel rough-
ness was verified by visual inspection with an electron microscope. The roughened
surface would ensure active cavity nucleation. The quartz tube was electrically heated
by a 4-mm-wide copper strip placed along the bottom of the outside of the tube. The
localized heat flux produced nucleation only at the bottom of the tube. Bubble growth
on the sides and top of the tube was not present, which ensured an unobstructed view
of the bubble growth on the tube bottom.

The main test rig is shown in Fig. 2. This test rig was used by Jung in his work.
A more detailed discussion of it can be found in his thesis [4]. The main test rig was
used to set the mass flow rate and the entering quality to the visualization section.
Figure 2 shows that the test rig consists of two 4-m lengths of 9.1-mm-ID, 0.25-mm-
wall thickness 304 stainless steel tube connected by a U-bend. The tubing was heated
by a DC voltage which produced a constant-heat-flux boundary condition. The test
fluid was pumped through the inside of the tube and increased in quality as it boiled
along the length until it reached the condenser, where it was condensed and returned to
the pump. Measured tube wall temperatures and fluid pressures of the main test rig
were used to calculate the quality at the entrance to the visualization section. A de-
tailed discussion of the calculation of the quality is given in a later section.

Figure 2 shows that a 2-m calming section was used to connect the visualization
test section to the main test rig. This length is not electrically heated, but it receives a
marginal amount of heat from the surroundings (not enough to cause nucleation). The
calming section allows most of the remaining bubbles from the main test rig to combine
with the main vapor slug so that these bubbles will not be attributed as being generated
in the quartz tube. This ensures that only those bubbles generated in the quartz tube will
be photographed and analyzed. '

Sight glass 500 W light
with opaque
cover

Sight glass

Housing
(Filled with
glycerol)

16=mm L4
high-speed camera

Fig. 1 Schematic of the visualization test section.
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Fig. 2 Main test rig and visualization section.

EXPERIMENTAL LOGIC

This section outlines the logic used to choose the thermodynamic conditions at
which the tests were conducted. The final operating condition was dictated by the lower
temperature limit of the test rig.

The first step was to choose the operating parameters which would be fixed while
varying quality and fluid. From examination of correlations [1, 4-6], it was felt that the
refrigerant total mass flow rate (/n) and the heat flux (g) to the quartz tube were strong
functions of heat transfer and should be held constant for all tests. The authors also felt
that the remaining operating condition to be chosen as fixed was the fluid pressure.
Cooper [7] has shown that. for most fluids. nucleate boiling on the outside of horizontal
cvlinders is proportional to the following form invoiving only reduced pressure (P,):

(q/:)u‘(,g & FBIQM(_IOgiO Pr) > (1)
Equation (1) shows that the heat transfer by nucleation has the same functional form
regardless of the fluid. Thus the magnitude of nucleate boiling for different fluids should
differ only by a constant. Consequently, as Eq. (1) suggests. comparisons of the data for
the different fluids were made at equal P,. The next step was to determine the P, at
which to operate the tests. '

Two criteria were used to choose the pressure at which the tests were conducted.
First, the pressure had to be below the structural limitations of the test rig. Second, in
order to make direct measurements of bubble growth. it was essential that an unob-
structed view of the bubble be attained. Equation (1) implies that nucleate boiling mea-
surements taken at low reduced pressure will have fewer active sites. Individual bubbles
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Fig. 3 Functional form of pool boiling data given by Cooper [7].

are less likely to be disturbed by other bubbles for low-P, boiling, since there is less
interaction between bubbles. Thus it was possible to examine a single bubble and mea-
sure directly the bubble diameter and frequency for R114 data at P, = 0.015. After
consideration of the structural limitations and the desired visual conditions, a low re-
duced pressure was chosen for test. The final step was to determine the magnitude of P,
for test.

Figure 3 is a plot of the right side of Eq. (1) versus P,. Figure 3 shows that the
nucleate boiling potential increases sharply with P, for P, < 0.05 and for P, > 0.8, and
is comparatively flat for 0.05 < P, < 0.8. This demonstrates that measurements taken
in the region 0.05 < P, < 0.8 would be less sensitive to the inaccuracies of the pressure
measurement. However, preliminary tests with R114 showed that the number of active
sites present for 0.05 < P, < 0.8 prohibited examination of the growth of a single
bubble. The tests were finally conducted at the lowest possible P, which was attainable
in the test rig, which was P, = 0.015 for R114. At this pressure, examination of
individual bubble growth was possible for R114.

Attempts were made to take data for all fluids at P, = 0.015. Unfortunately, the
lowest temperature limit of the existing test rig was not sufficient to artain P, = 0.015
for R22 and the mixture. The lowest possible P, attainable in the test rig for R22 and the
mixture was P, = 0.063. The consequence of taking data at P, = 0.063 can be exam-
ined with the aid of Eq. (1). Figure 3 shows that there is a 62 % increase in the nucleate
boiling potential from P, = 0.015 to P, = 0.063. The investigators found that indeed
there were many more bubbles present at P, = (0.063 than there were at P, = 0.015 for
R114. Detailed measurement of bubble parameters was not possible at P, = 0.063 due
to the frequent interaction of bubbles. As a result, the data at high P, was analyzed
subjectively. Because the data sets were analyzed differently, the experimental results
were discussed separately as high- and low-P, condidons. Refrigerants 22, 114, and the
mixture were all examined at P, = 0.063. which is referred to here as the high-P,
condition. Only R114 was examined at P, = 0.015 (low P,).
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EXPERIMENTAL MEASUREMENTS

The bubble frequency and the bubble size can both be measured at low reduced
pressures. The bubble frequency, f,, was obtained by counting the number of motion-
picture frames () from the growth to the release of the bubble from the solid-liquid
interface and dividing by the steady-state film speed (S); i.e.,

= ]% o)

Care was taken to ensure that measurements were made only when the film speed had
reached 7000 frames/s. Timing marks on the film were used for this purpose. The
bubble departure diameter (D,) was the maximum diameter of the bubble obtained just
after departure from the wall-liquid interface. The bubble diameter was obtained by
measuring both the bubble diameter and the quartz tube diameter from the film and
scaling down to obtain D, from the known quartz tube diameter. The bubble geometry
was approximated as spherical for the calculation of the amount of vapor contained in
the bubble. Efforts were made to measure the bubble size soon after departure from the
wall and also when it appeared to be most spherical. The volume of vapor generated for
a single bubble per unit time (V) was calculated as

3
Vb - 'Z‘P_‘Kgp_b. (3)

From V,, the latent portion of the heat load required to generate one bubble (Q,) is
Qs = MoV, ' 4)

The accuracy of the calculation for Q, is not calculable. The calculation relies on
the ability to quantify the deviation of the bubble shape from spherical. If the uncertainty
in the shape of the bubble can be represented as an error in the measurement of D,, then
a 10% error in the measurement of D, will cause a 30% error in the calculation of V),
and, consequently, a 30% error in the calculation of Q,. Although the accuracy of Q, is
unknown, it is felt that since the experimental procedure was consistent for all the data,
the Q, can be used successfully to investigate trends.

High-pressure data (P, = 0.06-0.065) at a mass flow rate of 0.032 kg/s and a
quartz tube heat flux of 64 kW/m® was taken for R22, R114, and the R22/R114 mixture.
At this pressure, individual bubbles could not be isolated for study due to vigorous
interaction with other bubbles. The temperature of the brine that was supplied to the
condenser of the main test rig was not low enough to operate at lower pressures for R22
and the mixture. Consequently, the comparison of bubble nucleation for the different
liquids remains mostly visual and subjective. °

CALCULATION OF MASS QUALITY >

This section discusses the procedure used to calculate the quality (x) at the en-
trance to the visualization test section. Mass quality (x) is defined as the fraction of the
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total mass flow which is vapor:

x-.-"L--Q_ (5)

m  m\

The total mass flow rate (/) is measured at the subcooled entrance to the main test rig
with a calibrated turbine meter. The latent heat of vaporization ()) is obtained from an
equation of state for refrigerants and refrigerant mixtures derived by Morrison and
McLinden [8]. The heat available for boiling (Q) is a sum of that which is obtained from
electrical heating in the main test rig (Q,) and obtained from the surroundings (Qa)
minus the heat required to bring the entering subcooled liquid to saturation (Q); i.e.,

Q—QP+Q’-QI (6)

The Q. is obtained from a calibrated UA and measured temperature difference between
the room and the average fluid temperature for the 2-m calming section. The Q, was
calculated as mC,(T, — T)), where T, is the saturation temperature of the refrigerant and
T, is the temperature of the subcooled liquid entering the main test rig.

The gain in temperature due to viscous heating was calculated to be less than 0.1 K
for all tests. The calculated qualities below 5% have an uncertainty of approximately
+12% for 99.7% confidence. The quality calculations in the range 9-20% quality have
an uncertainty of approximately £5% for 99.7% confidence.

A visual method for calculating the quality using a photographic estimate of the
void fraction and calculated density was also conducted. The uncertainty of the visual
method was approximately only =20%. Consequently. this method was used only as a
check on the calculation of the quality given by Egs. (5) and (6). The quality calculated
from Eqs. (5) and (6) was within the scarter of the quality obtained by the visual method.

EXPERIMENTAL RESULTS

Pure R114 at P, = 0.015

The following is a discussion of the experimental results of the convective nucleate
boiling of R114 at P, = 0.015. Measurements of f, and D, were done only for pure
R114.

Figure 4 shows photographs taken from the high-speed films for R114 at P, =
0.015. The film number and the refrigerant number are located on the upper tube wall of
the photographs. The dark area along the bottom of the quartz tube is the copper strip
used to heat the fluid electrically. The main liquid-vapor interface of the flow is the
dark, wavy line approximately one-third of a tube diameter up from the tube bottom.
The vapor slug is above the liquid-vapor interface. and the liquid film is below the
liquid-vapor interface. The vapor slug was surrounded by liquid for all qualities. The
vapor bubbles are shown to be within the liquid and carried from the wall from left to
right of the photograph.

Figure 4 shows that approximately 10 different sites were visible along the 15-mm
quartz tube length. Not all sites were present for all qualities. For example, the majority
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X =6.3% Copper Strip x=11.6%

Fig. 4 Flow boiling of RI114 at P, = 0.015.

of sites were active at the lowest quality (x = 0.012). and only one site was active at the
highest quality (x = 0.116), clearly demonstrating suppression of bubble growth at
increased quality. However, some sites that were active at. say, x = 0.063 were not
active at x = 0.012. Hence these sites are not sufficient to demonstrate suppression due
to quality increase. Only two sites were active for all qualities except the highest quality.
Consequently, only the data of these two sites for R114 at P, = 0.015 are discussed in
the following. The authors feel that the f, and D, of the reported two sites measured at a
given quality are representative of the f, and D, observed at the same quality for sites
not reported.

Figure 5 shows the variation of the measured bubble frequency (f,) with quality (x)
for two different nucleation sites, indicated by filled and open circles. The f, was ob-
tained by averaging the frequency of five consecutive bubbles originating from the same
site. One standard deviation for the measurement trials was approximately 16% of the
measurement and is represented as an error bar for a data point of Fig. 5. The large
standard deviations are due to local changes in the flow conditions, which are character-
istic of chaotic flows. It is difficult to extract a functional relationship from data with
such a large standard deviation, which is compounded by a small change in’the average
J» with quality. Consequently, no generalizations about the variation of J, can safely be
made. It is possible that the bubble frequency is coupled with quality and the wall
temperature profile, which is continually disturbed by the growth and release of adjacent
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Fig. 5 Measured bubble frequency for different qualities.

bubbles. Clearly, more work must be done toward establishing a measurement method
for f, that will produce statistically sound data.

Figure 6 is a plot of the measured bubble diameter (D,) versus quality. The stan-
dard deviation of the measured bubble diameter is relatively small, and the change of D,
with quality is significant. Hence the plot clearly suggests a relatively linear relation
between decreasing bubble diameter and increasing quality. This is not to say that this
relation is appropriate for all boiling surfaces. fluids. and flow conditions. The purpose
here is merely to suggest that measurement of the bubble diameter on high-speed film
can produce successful results.
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Fig. 6 Measured bubble diameter for different qualities.
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Fig. 7 Heat load required to nucleate one bubble continu-
ously for a particular quality.

The heat imposed with the electrically heated copper strip (Q,) onto the bottom of
the quartz tube is dissipated by two very different mechanisms. The first mechanism is
nucleate boiling. Nucleate boiling requires a superheated liquid layer and sites from
which bubbles can grow. The focus of measurements in this article is on the latent
component of nucleate boiling (Q,), i.e., only the heat for phase change and not the
energy for superheating the liquid. The heat that is not used to nucleate is conducted and
convected through the liquid film to the liquid-vapor interface, where it is convected and
evaporated away by the vapor phase. This second mechanism is called convective evapo-
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Fig. 8 Comparison of measured hear load to theory of
Gungor and Winterton [9].
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ration (Q,) in this article. The first resistance to convective evaporation is the liquid film
on the tube wall. Low thermally conductive liquids (like refrigerants), thick films (low
qualities), and small velocities (low mass flow rates) all contribute to the resistance to
Q.. The resistance to Q. decreases for increasing quality due to smaller liquid film .
thickness and higher liquid and vapor velocities associated with high qualities. Conse-
quently, the fraction of Q, which is Q, increases for increasing quality. The fraction of
Q. which is Q, correspondingly decreases for increasing quality.

Equation (4) was used along with the measured f, and D, to calculate the heat load
required to generate one vapor bubble (Q,) and plotted versus quality in Fig. 7. Figure 7
demonstrates, as discussed above, that O, decreases with increasing quality for fixed

.? » o -8 .

cé : 9 : . 2 Y
e Y-8+ S SO
Tes Yec-a

X=0.1%

22 7114

X =0.2% >

Fig. 9 Flow boiling for R114 and a mixwure for x = 0.1%, P, =
0.063.
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X =4.5%

Fig. 10 Flow boiling for R114, R22, and a mixture for x = 4%, P, = 0.063.

total mass flow rate and fixed imposed heat flux. The lower Q, is a result of higher
vapor velocities, which reduce the thermal resistance to Q., thus removing superheat
from the wall. Although the standard deviation is approximately 25% of the plotted Q,.
the Q, is convincingly shown to decrease with increasing quality.

Figure 8 is a plot of the heat load required for nucleation of R114 at g = 64 kW/
m* during flow boiling normalized by the heat load required for nucleation evaluated at
x = 0.012 (Q,) versus x. Data obtained from the films are plotted for two different
sites. The data for these two sites agree well with each other, demonstrating the trend
of decreased vapor generation with increased quality. The nucleate boiling portion of a
flow boiling correlation by Gungor and Winterton [9] is plotted as a solid line on this
graph. Gungor and Winterton modified Cooper’s [10] pool boiling correlation with
their own suppression factor to obtain an expression for the nucleate portion of a
correlation for flow boiling within a horizontal tube. The nucleate portion of the
correlation and data depart for the higher qualities. For example, the correlation pre-
dicts only a 23% reduction from the amount of nucleation at x = 0.012 to x = 0.11,
where, as the data show, no bubbles are generated at x = 0.11 for the sites shown by
filled and open circles. '

The discrepancy between the data and Gungor and Winterton's correlation can be
partially attributed to a difference in surface roughness between the quartz tube and what
was assumed for the correlation. Gungor and Winterton [9] assumed that the surface
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roughness of the tube was 1 um. The surface roughness of the quartz tube was estimated
from an electron microscope to be 0.5-0.2 um. The smaller cavities of the quartz tube
result in less heat transfer by bubble nucleation than what would be expected from a
larger, 1-um cavity. Another cause for the difference between the data and theory may
be the inability of the Gungor and Winterton correlation to predict the suppression factor
for the data. Their suppression factor is calculated from a simple and convenient correla-
tion which relies on very few fluid properties. Consequently, it is understandable how
the simple correlation for the suppression factor may not predict the suppression trends
for the particular data set presented here.

R22, R114, and Mixture at P, = 0.063

The remaining data will be examined solely by photographic evidence. Figures 9
through 13 are photographs taken with high-speed films of R114, R22, and the 37.7
mol% R22/62.3 mol% R114 mixwre all at P, = 0.061. Immediately, three general
observations can be obtained from the figures. First, the number of bubbles present
decreases as quality increases for all fluids studied. Second, for a given quality, R114
exhibits more bubbles than either R22 or the mixture. Third, the amount of nucleation
by R22 and the mixture seems to be approximately the same. This is true even though
the mixture is mostly R114 by mole. One might assume that the bubble activity ought to

X =6.7% -

Fig. 11 Flow boiling for R114, R22, and a mixwre for x = 7%, P, = 0.063.
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x =10.8%

X = 10.8%

Fig. 12 Flow boiling for R114, R22, and a mixwre for x = 11%. P, = 0.063.

be a mole-weighted activity where the resulting bubble activity would more closely
resemble that of R114. The visual observations contradict this premise.

Table 1 shows the fluid properties at the test conditions for all the fluids tested.
The last column of Table | represents the volume of vapor generated per joule of energy
for a single bubble [1/(Ap,)]. The volume of vapor can be equated with the activity of
nucleation. Likewise, the per-unit energy can be equated to the constant electric heat
flux incident the tube bottom. Hence, the last column of Table 1 shows that. for fixed
heat flux, the predicted volume of vapor generated. or nucleate activity, for R22 differs
by only 8% from that for the mixture, thus suggesting that the amount of nucleation for
R22 should not differ much from the mixture. This is supported by the photographs in
Figs. 10 through 12. Notice also that 1/(Ap,) for R114 is 42% larger than 1/(A\p,) for
R22. The photographic evidence also supports this significant difference between the
nucleate boiling for R114 and R22.

Another factor that determines the nucleate flow boiling activity of a liquid is its
thermal conductivity (k). If it was possible to have a fluid that would become less
thermally conductive for fixed flow and heat transfer conditions, it would be possible to
observe a corresponding loss in bubble activity due to increased convection. Superheat is
more readily convected from the wall for fluids with higher k,. Consequently, nucleate
flow boiling, in response to reduced wall superheat. will become less vigorous. The fifth
column of Table | demonstrates the trend of liquids with lower thermal conductivity to
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X=14.2%

X = 14.6%

Fig. 13 Flow boiling for R114, R22, and a mixrure for x = 14.4%, P, = 0.063.

exhibit more nucleate activity. For example. &, of R114 is 41% lower than that for R22.
which agrees with the result of this article. which indicate that the volume of vapor
generated with R114 is greater than that of R22 for the same P,. The thermal conductiv-
ity of the R114 is increased by 21% by the addition of R22 to obtain a 37.3 mol%
mixrure. The thermal conductivity of the liquid has been raised and the bubble activity
correspondingly drops.

CONCLUSIONS

It has been demonstrated visually that a decrease in nucleate boiling during flow
boiling is associated with an increase in quality for R114, R22, and a 37.7% R22/62.3%

Table 1 Fluid Properties at Test Conditions

T, P, A k, _ o, 1,

Fluid (K) (kPa) (J/kg) (W/m K) g/mol (kg/m) [(m*m x 1077]
R114 297 206 126.947 0.0647 170.92 15.95 4.94
R22 259 305 216.373 0.1068 86.47 13.31 3.47

R22/R114 271 265 160.834 0.0825 139.08 16.41 3.79
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R114 mixture. The reduction in nucleate activity was demonstrated for the heat flux,
total mass flow rate, and reduced pressure all fixed. Nucleation activity was shown to be
also suppressed by a reduction in fluid pressure, which is in agreement with the trend of
Cooper’s [7] correlation for pool boiling on the outside of a horizontal cylinder. The
films suggest that for a given quality, R114 exhibits much more nucleation than either
R22 or the mixture. The amount of nucleation demonstrated by R22 and the mixture was
comparable even though the mixture was mostly R114 by mole. Arguments using the
latent heat of vaporization, the vapor density, and the liquid thermal conductivity have
been made to explain the visual trends.

This study has shown that the parameters essential to obtaining the heat required
for the growth and release of a bubble can be measured directly at low reduced pressure.
However, there still remain some difficulties associated with the precision of the fre-
quency measurement. Specifically, the measured bubble frequency had a large standard
deviation and did not show a consistent tendency with quality. Further investigation is
required to develop a method that can be used to produce statistically sound bubble
frequency measurements. On the other hand, the bubble diameter was shown to be
amiable to measurement by the high-speed-film technique as demonstrated by the low
standard deviation of the measurement and consistent trends of the measurement with
quality.
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